There is considerable public health interest in licensing safe and effective combination vaccines. Because combination vaccines may progress rapidly from phase 1 to a pivotal phase 2 immunogenicity trial, a rigorous approach to address product issues early in development is warranted. Clinical studies to evaluate the safety, immunogenicity, and (when necessary) clinical end point efficacy of combination vaccines should be randomized and well controlled in most cases. A large phase 3 safety study (i.e., a study that enrolls thousands of vaccinees) should be included in the development plan if a phase 3 (clinical end point) efficacy trial will not be conducted. Often, the new combination vaccine under development contains immunogens that have all been previously licensed, have demonstrated efficacy in earlier clinical trials, or both. For such products, comparative immunogenicity data may be sufficient to support efficacy. When applicable, clinical data to support simultaneous administration with other relevant vaccines should be obtained. Given the complexity of combination vaccine development, early consultation with United States Food and Drug Administration can be invaluable.
on 27 October 1995 to discuss concepts for an FDA guidance document on combination vaccines. The FDA document entitled "Guidance for Industry for the Evaluation of Combination Vaccines for Preventable Diseases: Production, Testing and Clinical Studies" was released in April 1997 [7] .
Most recently, FDA cosponsored the meeting entitled "International Symposium on Combination Vaccines," held 2-4 February 2000 in Bethesda, Maryland. The purpose of this meeting was to fully explore laboratory, clinical, and epidemiological data integral to developing and licensing new combination vaccines. Compared with the 1993 workshop, this symposium focused more on practical problems that have been encountered in product and clinical development of these complex vaccines. The purpose of this article is to summarize the current approach to evaluating combination vaccines, including the most recent developments and areas requiring special attention by the sponsor. In this regard, certain relevant FDA and International Conference on Harmonisation (ICH) guidance documents are cited.
As defined in the 1997 FDA guidance document, a combination vaccine consists of у2 vaccine immunogens in a physically mixed preparation intended to Table 1 . Overview of some factors that have slowed or prevented licensure and availability of combination vaccines in the United States.
Failure to consult with the US Food and Drug Administration until advanced clinical development was underway or completed.
Products that appear promising in IND studies in the United States are dropped by the sponsor for nonscientific reasons (e.g., commercial issues).
Critical assays used to evaluate immune response are not validated; no serum samples are available for further comparative testing.
Problematic immunogenicity/efficacy results (e.g., certain DTaP-Hib-containing vaccines or failure to bridge to efficacy trial population).
Patent issues (e.g., Pertactin).
Adventitious agent issues (e.g., cell substrates for live viral vaccines and BSE).
Current good manufacturing practice issues.
NOTE. BSE, bovine spongiform encephalopathy; DTaP, diphtheria-tetanus-acellular pertussis vaccine; Hib, Haemophilus influenzae type b vaccine; IND, investigational new drug application. prevent multiple diseases (multidisease combination vaccine) or prevent a single disease caused by different serotypes (or serogroups) of the same organism (multivalent combination vaccine) [7] . The mixing can occur as a manufacturing step or be performed by a health care professional following package insert instructions [3, 6, 7] . However, there have been a number of important examples where unexpected decreases in immune responses have been observed when antigens are combined [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . One of the more problematic recent examples has been the decreased response to Haemophilus influenzae type b (Hib) conjugate vaccines in some diphtheria and tetanus toxoids and acellular pertussis (DTaP) and Hib combination vaccines [8] [9] [10] [11] [12] . Such problems highlight the need for safety, immunogenicity, and (if applicable) clinical end point efficacy, as well as for relevant animal and laboratory studies, even if the component vaccines are licensed [3, 6, 7] .
Given the complexity of combination vaccine development, early consultation with the FDA on specific topics can be invaluable. This concept is covered in the FDA combination vaccines guidance document, which recommends that alternative approaches to clinical trials should be discussed with the FDA prospectively [7] . Also, this early consultation allows FDA input on manufacturing and product issues, or other issues, which could delay licensure if not addressed in a timely manner (table  1) . One important area where problems have occurred is assay validation, particularly for potency assays used to qualify products, as well as for assays used in clinical trials to assess vaccineelicited immune responses [19] .
In addition to seeking FDA input at appropriate times during product development, sponsors should remain attentive to the availability of new FDA and ICH documents, et cetera, through review of new Federal Register notices and postings on the FDA World Wide Web site. Certain areas that can have a profound impact on product development (e.g., adventitious agent identification testing) tend to be the topics of rapid policy development and new documents.
PRODUCTS AND MANUFACTURING
General considerations. With regard to manufacturing, product, and establishment topics, emphasis is placed on 2 FDA guidance documents, one of which addresses combination vaccines [7] and the other of which addresses chemistry, manufacturing, and control information for vaccines [20] . We also refer readers to the article by Falk et al. [21] in this issue for a more detailed discussion of product and manufacturing issues.
Detailed information concerning the source and quality of starting materials, characterization of seed stocks, adventitious agent testing, performance of manufacturing steps and process controls, potency, general safety, purity, and identity of the final product should be documented. Adequate manufacturing methods and production controls are important in establishing the safety and biologic activity of the product, as well as the consistency of the manufacturing process [22] .
Special issues for combination vaccines. The FDA recognizes that manufacturing refinements and improvements in testing methods often occur during product development. Thus, the extent of documentation required by FDA with regard to manufacturing procedures will increase as clinical studies progress. However, critical areas, such as a clear description of manufacturing, as well as adventitious agent testing, should be addressed in the original investigational new drug application (IND) in a manner that allows an adequate review of product safety to be performed. Combination vaccines can have a rapid progression from phase 1 to a pivotal phase 2 immunogenicity trial, which will necessitate a rigorous approach to address product and manufacturing issues early in development.
Descriptions of manufacturing and product controls are needed for each component of the combination vaccine. Changes in one component of the combination vaccine have the potential to affect the safety and effectiveness of the final product. Therefore, when combining antigens, it may be nec-essary to reevaluate the acceptability of tests being used preclinically for any component of the vaccine. The same applies to the reevaluation of final release testing for each component as additional antigens are added to the multicomponent vaccine. Evaluation of combination vaccines also includes determining the effects of excipients, adjuvants, and preservatives used in the manufacture of intermediate bulk antigens or added to the formulation of the final product on the potency of each antigen in the final combination product [3, 4, 7, 23, 24] .
Manufacturing. The manufacturer should document the source and quality of all materials used in the manufacture of the vaccine. Detailed descriptions of the characterization of bacterial and viral master seeds, as well as working seed stocks, should be provided. In this regard, important topics to cover include isolation, passage history, and growth characteristics. When seeds that have been modified by recombinant DNA technology are used, it is important to include information about the stability of the construct [25, 26] . In the case of viral vaccines, cell substrate issues should be addressed [27, 28] . When applicable, the methods of attenuation, inactivation, or detoxification should be adequately described and supported with appropriate validation data [7, 20] .
Final formulation. A potency test for each vaccine antigen in the final product should be established. Potency can be viewed as the ability of a vaccine to effect a given result through either the use of laboratory tests or by controlled clinical data [29] . Quantitative potency tests are generally considered necessary to assess the biological activity of each active component of a combination vaccine and can also serve as an important measure of product stability. A variety of potency assays may be acceptable. For example, potency tests may represent a serological evaluation or challenge test after vaccination of animals or may rely on physiochemical characterization, such as composition and molecular weight (e.g., certain polysaccharide vaccines). Identity testing on the labeled final container may include immunological assays for vaccine antigens and serotyping of vaccine organism strains [6] . In addition, results of tests for product sterility and the absence of toxicity from extraneous contaminants (i.e., General Safety Test) should be provided.
Stability. Product stability testing is essential for selecting an appropriate dating period for expiration, as well as for future extensions of the dating period. In most cases, stability parameters (e.g., potency and sterility) are evaluated by use of realtime data under ideal conditions of storage [30] . Stability protocols that specify which tests are to be performed at predetermined intervals should be initiated early in product development (and shared with the FDA). Stability studies are needed for each presentation of the final product (e.g., single and multidose vials and prefilled syringes).
CLINICAL EVALUATION
Overview. The focus here will be on the phase 1, 2, and 3 clinical studies of combination vaccines. Assuming that the new vaccine appears to be safe and effective, the results of these studies can be submitted in a biologics license application to support approval for marketing in the United States [31] .
We refer the reader to the section on "adequate and wellcontrolled studies" in the Code of Federal Regulations for a discussion of the choice of control groups and study design [32] . Clinical studies to evaluate the safety, immunogenicity, and (clinical end point) efficacy of combination vaccines should be randomized and well controlled, in most cases [6, 7, [33] [34] [35] .
In contrast, comparisons with historical data, as opposed to a randomized control group, have well-recognized limitations [6, 7, 32] . In the case of vaccines, interpretation of results may be confounded by such things as differences between populations, immunization time frame, simultaneously administered vaccines, antipyretic use (prophylactic, therapeutic, or both), safety or efficacy case definitions, and surveillance methodology [6, 7, 35] . Also, there are clear examples where the background rate of an adverse event is not uniform during the first year or so of life-for example, sudden infant death syndrome. In this example, comparisons with historical cohorts without month of age adjustments would obviously be misleading due to this factor alone.
Well-designed case report forms (to assess safety, efficacy, etc.) and scripted interviews for any protocol-specified telephone follow-up are critical for obtaining meaningful data. These model forms and documents should be submitted to the IND at the same time as the protocol.
Results from the clinical trials provide the basis for the clinical sections of the package insert. Although the most intensive work on the package insert occurs several months before approval, clinical development plans should anticipate expected claims and information to be included in the label. For example, safety and immunogenicity data on the simultaneous use of a new vaccine with other routinely administered licensed vaccines is an important component of the package insert. Also, when applicable, plans to obtain data on booster doses and "catchup" age groups should be implemented as early as is feasible during clinical development. Prelicensure vaccine clinical trials often exclude premature infants, immunocompromised populations, and other special populations. If there is likely to be interest in postlicensure use of a vaccine in such populations, sponsors are urged to plan trials to address safety and immunogenicity (and clinical end point efficacy, if applicable) in these populations during clinical development.
SAFETY
Obtaining an adequate safety database to support licensure is a critical objective for the clinical development plan for a new combination vaccine. In designing studies to meet this objective, emphasis is placed on the size of the potential target population for most pediatric combination vaccines-that is, the birth cohort in the United States of approximately 4 million. The most relevant safety data are from studies that use the product at the dose, schedule, formulation, and route of administration intended for licensure.
Often, the new combination vaccine under development only contains immunogen components with already proven efficacy (which is assessed on the basis of previous trials with clinical end points). Thus, for such new combination vaccines, comparative immunogenicity data from studies with sample sizes of several hundred participants, at most, per group may provide a sufficient basis to support efficacy [3, 6, 7] . However, with this type of development plan, the extensive clinical safety database obtained from a phase 3 well-controlled clinical end point efficacy trial(s) will not be available. Thus, an additional prelicensure trial should be conducted to obtain an adequate safety database to support the safety of a new combination vaccine [3] . Phase 2 and 3 clinical trials to evaluate safety should be randomized and well controlled. Typically, people in the control group receive the separate, simultaneously administered components (or currently licensed combinations of components) contained in the new combination vaccine, as appropriate [6, 7, 35] . For example, in the evaluation of a new DTaP and hepatitis B (Hep B) combination vaccine, the control group may receive separate injections of currently licensed DTaP and Hep B vaccines. However, as more combination products are licensed, these comparisons may become increasingly difficult to perform. Thus, there are also situations where the safety of a new combination vaccine may be compared with a different manufacturer's licensed combination of the same immunogens, especially for phase 3 safety studies.
Adequate monitoring of subjects for adverse events is an important component of prelicensure studies [7] . Thus, a satisfactory, well-documented monitoring system must be in place to detect and record the events of interest throughout the study. Solicited adverse events should be graded for severity by use of standardized definitions for severity (ideally, definitions that the sponsor uses across studies for that product). (It is of note that case report forms for all serious adverse events would be submitted as part of a future license application.) Phase 2 trials can provide well-controlled data on common injection site reactions and systemic events (as well as immunogenicity data) for the combination vaccine compared with the control vaccine. In some cases, the phase 2 data may also provide information regarding specific adverse events that should be evaluated more carefully in a larger phase 3 trial. To increase the total prelicensure population exposure, a larger phase 3 safety trial with a sample size adequate to evaluate less common adverse events is performed. For such larger trials (i.e., those that enroll thousands of vaccinees), a simplified design may be acceptable where only a subset of subjects in each group is assessed in detail for the more-common events [7] . Also, unequal allocation ratios (e.g., 3:1 or 2:1, with more people in the new combination vaccine group) could be considered [6, 7, 35] .
Sometimes sponsors have tried to address the need for safety data in thousands of people through the use of several small safety studies. However, data from a single phase 3 multicenter safety study that used a single clinical protocol with consistent and well-defined surveillance methods, adverse event severity definitions, and appropriate control group are more readily reviewed, interpreted, and described in the label than data from multiple, smaller safety studies without such documented consistency [6, 7, 35] .
Usually, the goal of comparative safety studies is to demonstrate similarity of the safety profile between the combination vaccine and the separately administered components. It has been suggested that these equivalence (noninferiority) trials be designed and analyzed to reject a hypothesis of a specified difference, rather than the traditional null hypothesis of no difference [36] .
The selection of less common but important events for evaluation in a larger comparative safety trial can be based on a consideration of the events observed in the available studies of the new combination vaccine, its separate components, and similar licensed products, if applicable. When assessing reactogenicity, point estimates and 95% confidence intervals should be provided for adverse event rates; this applies to both within and between comparator groups. In addition, confidence intervals on the difference between the new combination vaccine and the separate components should accompany formal hypothesis tests-and in fact may compose the primary analysis. There is often interest in interpreting the finding that a certain event did not occur in a trial of a certain size (n). In this regard, the "rule of 3" can be used to provide a 95% confidence interval (0, 3/n) for the true event rate [37] .
The finding that a combination vaccine has a high rate of common local or systemic events than the separate components does not by itself preclude the possibility of licensure. Such findings would need to be considered in the risk-benefit assessment of a product. Also, even with the size of phase 3 trials, postlicensure studies may be needed to assess the potential for rare but serious events [38] [39] [40] . Ideally, consensus between FDA and sponsors with regard to postlicensure studies should be reached before license application approval.
IMMUNOGENICITY
Efficacy of new vaccines is usually assessed in clinical end point trials demonstrating prevention of an infectious disease. However, for new combination vaccines with components consisting of previously licensed products or antigens for which efficacy has already been demonstrated in clinical trials, serological immune response end points may be adequate to substantiate efficacy for licensure. As with pivotal clinical end point efficacy trials, more than 1 pivotal immunogenicity study may be necessary if the results are not compelling [41] .
The immune responses elicited by new combination vaccines are ordinarily evaluated in randomized, well-controlled studies. Specifically, the immune responses to the respective antigens in 2 (or more) randomized cohorts are compared. As noted in the previous DTaP and Hep B example, a control vaccine can itself be an existing licensed combination vaccine.
Serological end points are evaluated in a type of equivalence trial referred to as a noninferiority trial [36, 42] . The proportion of responders and/or geometric mean concentrations (GMCs) of antibodies can be analyzed in these trials [43] . Horne et al. [44] discuss the statistical aspects of noninferiority trials in this issue. The rationale for the use of serological end points is most apparent when a previously accepted correlation between such serological end points and clinical efficacy already exists [7, 34] . Even without a clear correlate of protection, comparisons of prespecified immune responses may also be used to evaluate new combination vaccines [7] . However, without an identified immune correlate of protection, or in cases in which the correlate is not well defined quantitatively, a decreased immune response for the new combination vaccine could be difficult to interpret (and may present problems for regulatory decisions). In such situations, it may not be possible to conclude that the new and old products are clinically comparable in regulatory decision making.
Serological end points are often important in the clinical development of a specific type of combination vaccine: multivalent products for a single etiological agent containing more than 1 antigen-for example, a 4-valent meningococcal vaccine. For such multivalent products, determining clinical efficacy for each distinct serotype in clinical trials may not be feasible because of problems, such as low incidence of disease caused by certain serotypes. Thus, for a single etiologic agent for which an immunological correlate of protection has been determined for 1 (or more) of the serotypes (or serogroups), serological end points may provide the basis for including other serotypes in the formulation [7, 45] .
EFFICACY
This section will only cover a few topics pertaining to clinical end point efficacy trials. We refer the reader to regulatory documents and reviews of prelicensure vaccine clinical end point efficacy trials that address efficacy topics, such as design, randomization, blinding, end points, statistical analyses, and consent forms [31, 34, 42, [46] [47] [48] .
Immune correlate of protection. Clinical end point efficacy testing affords an opportunity to attempt to identify an immune correlate of protection [48] . Identification of a quantitative correlate of protection facilitates the interpretation of results from future comparative studies with immune response end points. Examples include trials to evaluate the following: (1) new multidisease combination vaccines, (2) new serotype antigens added to an existing multivalent vaccine, (3) new immunization schedules, (4) immune responses among simultaneously administered vaccines, (5) new formulations, and (6) changes in manufacturing. (The type of change for the latter 2 examples will determine whether any supporting clinical data are needed.)
Clinical end point trials of multivalent products. The primary clinical end point of efficacy trials for multivalent products is often prevention of disease caused specifically by the vaccine homologous serotypes (or serogroups). Depending on the epidemiology of the infectious disease, it may also be possible to determine vaccine efficacy (with reasonably narrow confidence limits) for 1 or more individual serotypes in the vaccine as an important secondary end point [6, 7] . Examples of other secondary end points may include prevention of disease caused by all serotypes (vaccine and nonvaccine serotypes) and prevention of a specific type of disease (e.g., pneumonia, otitis media, cellulitis, diarrhea), regardless of infectious etiology. Such secondary analyses have the potential to address questions that can be important to the overall risk-benefit assessment-that is, "replacement" disease caused by nonvaccine serotypes or other infectious diseases [49] .
SIMULTANEOUS ADMINISTRATION
Investigational combination vaccines administered to children are often provided on the same schedule as other currently licensed vaccines. In this situation, immune responses to the new combination vaccine, as well as the simultaneously administered licensed vaccines, should be evaluated. Such immune response assessments should be performed in the context of a pivotal well-controlled comparative study with a prospective statistical analysis plan [7] . Factors that could confound the interpretation of data should be addressed in the study design. For example, the use of a single type of simultaneously administered licensed vaccine per indication (vaccine-preventable disease) is recommended for the pivotal immunogenicity study. Ideally, such immunogenicity data should be available before proceeding to a large safety (or efficacy) study [7] . Also, the use of appropriate licensed vaccines administered simul-taneously during trials of new vaccines, especially in phase 2 and 3 studies, provides relevant information with regard to safety, and sometimes efficacy, for labeling purposes [7] .
CONCLUSION
Sponsors should devise a detailed development program that will allow the appropriate manufacturing, product, and clinical data to be obtained in an optimal sequence to support licensure of a new combination vaccine. This practice can help to minimize the total development time. Appropriate planning includes anticipating the needs of future clinical trials and activities necessary to complete vaccine development-for example, validation of critical assays, and manufacturing scale-up. The FDA offers specific regulatory guidance through meetings (by issuing formal meeting summaries) and other communications with FDA staff, as well as by providing documents relevant to the manufacture, product quality, and clinical testing of vaccines. Sponsors are encouraged to use these resources at appropriate times during vaccine development.
